Commercial laser Doppler perfusion monitors are calibrated using the perfusion value, i.e. the first order moment of the Doppler power spectrum, from a measurement in a standardized microsphere colloidal suspension under Brownian motion. The calibration perfusion value depends on several parameters of the suspension that are difficult to keep constant with adequate accuracy, such as the concentration, temperature and the microsphere size distribution. The calibration procedure itself may therefore introduce significant errors in the measured values.
INTRODUCTION
The calibration procedure of laser Doppler perfusion monitors (LDPM:s) may aim at achieving two different objectives -(1) determining a reference perfusion value so that measurements using different instruments can be compared in a relative manner and (2) to relate the instrument output to a specific blood flow. Attempts at the latter have been carried out [1] [2] [3] , but as the calibration phantoms used in those studies still fail to mimic microcirculatory blood flow they are not used in any commercial system today. Instead LDPM:s from the two leading manufacturers in the world (Perimed AB and Moor Instruments Ltd.) are calibrated against a standardized colloidal suspension of polystyrene microspheres, i.e. motility standard. Due to Brownian motion, the Doppler power spectrum measured at a certain temperature is repeatable when measuring on this standard. Thus, the perfusion value, i.e. the first order moment of the Doppler power spectrum, can be used to compare perfusion values measured in vivo using different instruments. [4, 5] Unfortunately, this calibration procedure is sensitive to the exact properties of the motility standard which are difficult to keep constant and stable over long time with adequate accuracy. For example, deviation in the temperature, sedimentation effects or aggregation of the microspheres, all have a significant effect on the calibration value. The calibration value can also be affected by small vibrations of the measurement probe or the beaker containing the suspension.
As an alternative, the zero order moment of the Doppler power spectrum above 0 Hz, which is conventionally called the CMBC (concentration of moving blood cells) can be used for the calibration. In contrary to the perfusion value, this measure is only sensitive to the degree of Doppler shifted photons. For a suspension containing only moving scatterers all backscattered photons will be Doppler shifted. Hence, any suspension under Brownian motion should produce a constant CMBC regardless of the properties of the liquid. This would thus eliminate the need for the LDPM users to replace old motility standard. A similar approach has also been used by Serov et al. aiming at estimating the absolute fraction of Doppler shifted light. [9] Experienced LDPM users know that the CMBC signal is often unstable, but due to improved signal processing and signal averaging, this is not a problem in the presented procedure.
The aim of this paper was to propose this improved calibration procedure and to prove its stability. We have already used the procedure in a number of publications [6] [7] [8] , since it also offers a reliable way to compare the absolute levels of measured and simulated Doppler power spectra, which in turn enables model based signal processing of LDPM measurements. However, the accuracy and stability of the procedure has not previously been fully evaluated.
THEORY
The Doppler power spectrum is in principle constituted by the cumulative Doppler shift that each photon undergoes. A single Doppler shift is given by
where v is the speed of the scattering particle, λ is the wavelength in the medium, θ is the scattering angle and φ depends on the angle between the particle and the vector describing the scattering. [10] Since λ is constant and cosφ can be assumed to be uniformly distributed between -1 and 1, it can be realized that the Doppler power spectrum from single shifted light only depends on the speed of the scattering particles and their scattering phase function. In practice, most of the Doppler shifted photons are shifted more than once, causing a broadening of the Doppler power spectrum. Note however that single Doppler shifts can be both positive and negative.
Examples of Doppler power spectra when changing the concentration, speed, and scattering phase function of scattering particles in a medium with both static and moving scattering particles are shown in Figure 1 . The spectra originate from Monte Carlo based calculations [7] from a model with blood homogeneously distributed in a static scattering nonabsorbing medium. The scattering coefficient of the static medium was µ s = 8.0 mm -1 and the anisotropy factor g = 0.70. The scattering coefficient of the blood was set to µ s = 222 mm -1 , the anisotropy factor to g = 0.991 and the absorption coefficient to µ a = 0.43 mm -1 . The concentration was 1% in all calculations except in the left figure. The speed was 1 except in the middle figure, and the anisotropy factor equaled 0.991 except in the right figure. For the blood concentration of 0.1%, 18% of the detected photons were Doppler shifted and 66% of these were shifted more than once. Corresponding figures were 74%/86% and 99.9%/99.8% for the concentrations of 1% and 10%, respectively. The anisotropy factor g for motility and milk were 0.53 and 0.81, respectively (see Table 1 ). Under the assumption that most of the detected Doppler shifted light is shifted only once, it can be realized that the average frequency of the Doppler power spectrum is proportional to the speed, and that the total power for frequencies above 0 Hz is proportional to the concentration of moving scattering particles. Therefore, the CMBC is normally estimated as the zero order moment (m = 0) of the spectrum, and the perfusion as the first order moment (m = 1). In the digital case with N frequency bins above 0 Hz, this is expressed as (2) Multiple shifted light introduces a non-linearity to the concentration in both of these values.
MATERIAL AND METHODS
A modified two-channel Periflux 5000 instrument (Perimed AB, Järfälla-Stockholm, Sweden), operating at 780 nm, was used throughout this study. The analog first order 7 Hz high pass filter of the system was removed and the analog dc and ac-signals from the two channels were sampled at 50 kHz using a 12-bit AD-converter (DAQpad-6070E, National Instruments Corporation, Austin, Texas). All measurement were performed using a custom made probe with two different distances between the light emitting and light collecting fibers, 0.39 and 1.2 mm, connected to individual measurement channels. These fibers/channels are from now on referred to as the short and long fiber separations, respectively. The optical fibers in the probe had a core diameter of 0.125 mm and NA = 0.37.
Noise spectra were recorded at various dc-levels using an internal LED illuminating the detector of each channel. These noise spectra were subtracted from each measured spectrum at the corresponding dc-level to eliminate the effect of the noise. The noise is constituted by shot noise and thermal noise that can be assumed to be white within the frequency interval of interest (0 to 50 kHz). The recorded noise spectra were also used to compensate for the anti-aliasing filter that was added to the Periflux system before the AD-converter, which had a cut-off frequency of 20 kHz. All measured spectra, except the noise spectra, were also dc 2 normalized. Mathematically, the basic signal processing of noise reduction, frequency characteristic compensation and dc 2 normalization of the recorded spectra is expressed as
where p raw (f) is the recorded raw spectrum, p noise (f,dc) is the noise spectrum at the corresponding dc level, and p noise,norm (f,dc) is the noise spectrum normalized with its mean power between 1 and 3 kHz.
To demonstrate the effect of the phase function, two different scattering liquids were used as calibration agents in the study; motility standard (Periflux 1001, Perimed AB) which is a suspension of latex spheres with an average radius of 160 nm, and homogenized ultra-high temperature (UHT) treated milk (Arla Foods, Sweden), with a fat content of 1.5% and protein content of 3.4%. To demonstrate the effect of different degrees of multiple shifts, measurements in milk were performed in three different concentrations: undiluted (1:1), diluted 1:2, and diluted 1:4. De-ionized water was used to dilute the milk. The scattering coefficient µ s was measured using a collimated transmission setup [11] , with results as shown in Table 1 , together with the anisotropy factor g and reduced scattering coefficient µ s ′ = µ s (1 -g). Three repeated measurements with the Periflux 5000 system, 20 s long, were performed on each of the four calibration liquids. The probe was fixated in a stand and submerged about 5 mm into the liquid which was kept in a 4 cm diameter beaker of white plastic. At least 35 ml of the liquids was used (corresponding to a depth of about 3 cm). A thermistor connected to a Periflux 5020 temperature unit was attached to the measurement probe using adhesive tape in order to record the temperature of the liquid. The temperature of the liquids in these repeated measurements varied between 20.5 and 21.3 ºC. For the motility standard, three repeated measurements were also recorded when the probe was hand held in order to see the effect of the small movements introduced.
The speed of the Brownian motion is directly correlated to the temperature of the liquid. Therefore, to further explore the effect the speed has on the CMBC and perfusion values, a one and a half hour measurement was performed on the motility standard were the temperature was varied between 3 and 51 ºC. The temperature was varied by placing the beaker in hot water which was slowly cooled using colder water and ice. The CMBC and perfusion were calculated from spectra averaged in 5 s intervals. Measurement points which peaked in the perfusion value, which were obviously caused by movements when adding ice etc., were removed by visual inspection.
RESULTS
The average, min and max CMBC and perfusion values from the three repeated measurements on motility standard and milk are shown in Table 2 and 3 for the short and long fiber separations, respectively. The values are normalized with the mean values for motility standard (probe fixated in a stand). Table 2 Average (min-max) perfusion and CMBC values from three measurements in each of the scattering liquids for the short fiber separation (0.39 mm). Values are normalized to the mean value of the measurements in motility. Examples of the Doppler power spectra for the first of the three repeated measurements in motility and hand held motility at the short fiber separation are shown in Figure 2 . Both the normal spectra and the frequency weighted spectra are shown, for easier comparison to the CMBC and perfusion values, respectively. The perfusion value of the hand held motility was 52% higher than for the non hand held, whereas the CMBC differed only 1.7%. Corresponding spectra measured at a temperature of 10 and 30ºC are shown in Figure 3 . In these measurements, the perfusion values differed 27% whereas the CMBC differed 1.4%.
The relationship between the CMBC and perfusion values is the average frequency of the Doppler power spectrum. For motility (probe fixated in a stand) the average frequency was 0.90 kHz for the short fiber separation and 1.5 kHz for the long. The average frequency for the two fiber separations was unchanged when the light source was changed to another laser diode (same wavelength, different type) and when the detector channels were switched (data not presented).
In Figure 4 , the CMBC and perfusion values from the measurement with varied temperature are plotted versus the temperature. The values were gathered into 2ºC wide temperature bins, and the average value of each bin is plotted ± SD. The values were normalized to the average values at 22ºC. The perfusion change per ºC was 2.0% and 1.8% relative to the perfusion at 22 ºC for the short and long fiber separations, respectively (data fitted between 10 and 30ºC). 
DISCUSSION
We have experienced both sedimentation and aggregation of motility standard in our previous work with LDF instruments. The effect of sedimentation is easily reverted by shaking the beaker, but aggregation may both be difficult to observe and can not easily be reverted. The increased perfusion values in motility when the probe was hand held originate from the small movements from the hand, and the increase was more than 20% although the hand was tried to be kept steady. Placing the beaker on a surface with small vibrations, e.g. caused by a computer fan, can possibly introduce similar increases in the perfusion. Furthermore, it is not at all certain that the temperature of the motility standard is always at 22ºC when the instrument is calibrated, and a 10% variation merely due to different temperatures (± 2.5ºC) in various measurement settings is not unlikely. Added together, these effects lead to significant calibration divergences using the conventional calibration procedure. The proposed improved calibration procedure effectively eliminates these faults. Tables 2 and 3 and Figure 4 clearly show the superior stability of the CMBC compared to the perfusion value when changing liquid properties as well as when introducing movements. Figures 2 and 3 also demonstrate that the CMBC is stable when spectra differ both at low and high frequencies.
For obvious reasons, the procedure fails when a significant part of the Doppler power spectrum falls above the cut-off frequency of the low pass filter of the system or when the detected light levels fall out of the range of the system. This sets some limitations to the liquids used. Since the CMBC is relatively more sensitive to a narrow interval of low frequencies of the Doppler power spectrum than is the case of the perfusion value, the requirements of the system and the signal processing is higher than for the conventional calibration procedure and a somewhat longer signal averaging may be required for stable results. In the system we used, the first order high pass filter with cut-off frequency of 7 Hz was also removed which improved the stability of the CMBC signal considerably. Unfortunately, the advantages of the proposed procedure are reduced when it comes to laser Doppler perfusion imaging since the speckle size is affected by the optical properties of the calibration liquid which also affects the zero order moment of the Doppler power spectrum. [13] It may be surprising that the perfusion value does not differ more between the various milk concentrations considering the large differences in the concentration and scattering coefficient. It is logical to assume that the detected light is multiple shifted to a higher degree when increasing the scattering coefficient, causing a broadening of the Doppler power spectrum and increased perfusion value. This is contradictory to the fact that the perfusion value is lower for the undiluted milk than for the milk diluted 1:2 for the short fiber separation (Table 2 ). However, the measurement volume is also affected by the optical properties, and it is generally decreased with an increased scattering, especially for small source detector separations. [14] A smaller measurement volume decreases the degree of multiple shifts which is one explanation for this behavior. For high concentrations, the size distribution of the scattering particles may also change, and the optical properties are further affected when the scattering particles are close to each other. [15] This is observed in Table 1 where the scattering coefficient is not twice as high for undiluted milk as for milk diluted 1:2, as expected. The measurement volume is also affected by the scattering phase function. Therefore, a change in the scattering phase function affects booth the degree of multiple Doppler shifts and the size of each single Doppler shift.
For "backward compatibility" reasons, it is feasible to be able to convert a calibrated CMBC value into the conventional calibrated perfusion value in motility standard at 22ºC. For a specific probe setup and operating wavelength, the conversion factor is simply the average frequency of the Doppler power spectrum, which may be measured under controlled conditions by the manufacturer.
The proposed improved calibration procedure does not solve the problem of relating the output from the LDPM:s to any specific blood flow. However, the procedure performs an absolute calibration of the total power of the Doppler power spectrum where all detected light is Doppler shifted. This absolute calibration can be utilized to compare measured and simulated spectra in an absolute manner which opens up for new model based signal analyses, which in turn can give absolute flow levels in physiologically relevant units. [7] 
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